The Antarctic biota is highly endemic, and the diversity and abundance of taxonomic groups differ from elsewhere in the world. Such characteristics have resulted from evolution in isolation in an increasingly extreme environment over the last 100 Myr. Studies on Antarctic species represent some of the best examples of natural selection at the molecular, structural and physiological levels. Analyses of molecular genetics data are consistent with the diversity and distribution of marine and terrestrial taxa having been strongly influenced by geological and climatic cooling events over the last 70 Myr. Such events have resulted in vicariance driven by continental drift and thermal isolation of the Antarctic, and in pulses of species range contraction into refugia and subsequent expansion and secondary contact of genetically distinct populations or sister species during cycles of glaciation. Limited habitat availability has played a major role in structuring populations of species both in the past and in the present day. For these reasons, despite the apparent simplicity or homogeneity of Antarctic terrestrial and marine environments, populations of species are often geographically structured into genetically distinct lineages. In some cases, genetic studies have revealed that species defined by morphological characters are complexes of cryptic or sibling species. Climate change will cause changes in the distribution of many Antarctic and sub-Antarctic species through affecting population-level processes such as life history and dispersal.
INTRODUCTION
There are strong contrasts in the species diversity of terrestrial versus marine ecosystems in the Antarctic. Terrestrial systems are species poor with a flora composed mainly of mosses, liverworts and lichens, with just two flowering plants, Deschampsia antarctica and Colobanthus quitensis. The terrestrial fauna is dominated by nematodes, tardigrades, rotifers and microarthropods, including springtails and mites with the addition of a few higher insects (Convey 2001) . The marine biota, in contrast, is relatively diverse with the species richness of benthic communities, for example, comparable to those of other marine ecosystems with intermediate levels of diversity . However, the distribution of marine species within higher taxa differs to that elsewhere in the world. Fishes and molluscs are poorly represented in the Southern Ocean, a factor that is at least partially responsible for the major latitudinal clines in species diversity of these groups from the tropics to the Antarctic (Clarke & Johnston 2003) . Some marine groups are missing in the Antarctic including brachyuran crabs, balanomorph barnacles and sharks (Barnes et al. 2006) . Other groups, especially the pycnogonids and peracarid crustaceans, are exceptionally diverse in the Antarctic compared to other parts of the world (Clarke & Johnston 2003) .
Despite the obvious differences between the Antarctic terrestrial and marine biotas, common forces may have driven evolution in both ecosystems, including isolation, selection, extinction, immigration, vicariance and dispersal (e.g. Briggs 2003 ). More than 150 years ago, scientists recognized that the fragmented distribution of the Southern Hemisphere flora may have resulted from the previous existence of a southern supercontinent now known as Gondwana. It is accepted that the break-up of Gondwana over the last 165 Myr was a major factor in determining the distribution of species both in the Antarctic continent and in the Southern Ocean. This event led to the physical separation of the Antarctic continent and coastal seas from Australia, Africa and South America. However, the switching of the climate from 'greenhouse' conditions in the Cretaceous to 'icehouse' conditions during the Eocene (42 Myr BP) led to cycles of glaciation in the Antarctic with the establishment of a permanent ice sheet from approximately 34 Myr BP (Tripati et al. 2005) . This led to a strong latitudinal gradient in temperature across the Southern Ocean associated with the polar frontal zone (PFZ) and strong selection in Antarctic species for tolerance to low temperatures and the presence of ice. The extent of the Antarctic ice sheet oscillated throughout the Cenozoic and is also likely to have resulted in repeated shifts in the distribution of species both in land and in the coastal seas of the Antarctic. Fragmentation of populations and isolation in refugia, during glacial maxima, are likely to have been an important mechanism of allopatric speciation in Antarctic taxa, potentially acting as taxonomic diversity pumps (Clarke & Crame 1989 , 1997 .
Many groups of Antarctic animals and plants are thought to exhibit a high degree of endemism (for marine taxa this ranges from 35 to 90% of species, Arntz et al. 1997 ; for some terrestrial groups endemism may reach 100%, e.g. nematodes, Andrássy 1998) although such conclusions are limited by knowledge of the biota of the surrounding continents, islands and oceans. Some species have ranges that extend outside the Antarctic providing evidence that dispersal into and colonization of the Antarctic ecosystem has occurred during the Cenozoic and even after the last glaciation (e.g. Wise 1967 ; Barnes et al. 2006) . Such dispersal events may partially explain regional differences within both terrestrial and marine ecosystems in the Antarctic, although this implies limitations to dispersal following invasions either as a result of life history or the sparse distribution of suitable habitat separated by large geographical distances.
Much of our present knowledge of the diversity and biogeography of the Antarctic biota comes from conventional studies on the systematics and distribution of terrestrial and marine animals and plants. Such approaches are limited as apparent morphological similarity may not reflect the true evolutionary relationships between taxa. This is especially the case when there is a lack of fossil evidence, as in the Antarctic, resulting from limited exposure of rocks on the continent. Molecular approaches, allow the reconstruction of the evolutionary history of biological communities, including the identification of major events that have resulted from climate change or plate tectonics. They also provide a powerful way to assess the distribution of diversity at specific and sub-specific levels. This paper synthesizes studies that have been undertaken on the phylogenetics and molecular ecology of Antarctic taxa in order to understand patterns in the diversity of marine and terrestrial species and the evolutionary history of the Antarctic biota. The role of the Antarctic in the evolution of globally distributed taxa is also examined, necessarily including non-Antarctic species.
THE EXTRATROPICAL SOUTHERN HEMISPHERE BIOTA: VICARIANCE OR RECENT DISPERSAL?
It is useful to compare the wider patterns of biogeography in the Southern Hemisphere to identify similarities with the history of the Antarctic biota. This is because two of the important evolutionary forces within the Antarctic, vicariance and dispersal have often been treated as competing explanations for the distribution of the Southern Hemisphere biota (Sanmartín & Ronquist 2004) . The Gondwana supercontinent underwent a sequential fragmentation over approximately 165 Myr. This was initiated with rifting between India/Australia and East Antarctica and was completed with the separation of southern South America and the Antarctic about 41 Myr BP (Scher & Martin 2006) , with the opening and subsequent deepening (Livermore et al. 2005) of the Drake Passage, and with the separation of the South Tasman Rise and East Antarctica about 32 Myr BP (Lawver & Gahagen 2003) .
The disjunct distributions of many groups of plants and animals in the Southern Hemisphere have largely been explained by vicariance. That the ancient flora of South America, New Zealand, Antarctica and Australia was shared is supported by fossil evidence (Raven & Axelrod 1974) . However, recent studies, especially those based on molecular phylogenetics, have suggested that in many cases post-Gondwanan dispersal must have played an important role in determination of present day distributions of animals and plants. For example, the distribution of Southern beeches (Nothofagus spp.) was thought to be a classic example of vicariance related to the break-up of Gondwana (e.g. Craw et al. 1999) . However, recent phylogenetic analysis based on chloroplast DNA sequences indicates that while the relationships between some Nothofagus lineages are compatible with continental drift (e.g. comparisons between species in Australia and South America), others, for example, between species presently distributed in Australia and New Zealand, can only be explained by transoceanic dispersal (Knapp et al. 2005) .
Similar relationships have been detected, by sequence analysis, between Gunnera species located in New Zealand and Tasmania (Wanntorp & Wanntorp 2003) . Dispersal events have been detected over much longer distances, such as between New Zealand and Oceania (e.g. Metrosideros spp.; Wright et al. 2000) , between New Zealand and New Guinea (e.g. Parahebe spp.; Wagstaff & Garnock-Jones 2000; Myosotis spp.; Winckworth et al. 2002a ) and between South America and New Zealand (e.g. Sophora spp.; Hurr et al. 1999 ; Hebe spp.; Wagstaff & Garnock-Jones 2000; Tetrachondra spp.; . The timing of these dispersal events has been estimated at occurring in the Late Miocene to Pleistocene, depending on the species and geographical localities (Hurr et al. 1999; Wagstaff & Garnock-Jones 2000; Winckworth et al. 2002b; Knapp et al. 2005) . Late dispersal events are also supported by the fact that there is very limited sequence divergence in neutral loci between congeneric species, and in some cases, there has been insufficient time for speciation to occur (e.g. Chionohebe and Hebe; Wagstaff & Garnock-Jones 2000) or species are sufficiently closely related to allow hybridization to take place (e.g. Sophora; Hurr et al. 1999) .
In contrast to plants, animals have generally been assumed to show distributions consistent with vicariance and phylogenetic analyses support this hypothesis (Sanmartín & Ronquist 2004) . However, DNAsequencing studies have shown that there are exceptions, such as the fish Galaxias maculatus (Waters et al. 2000) and the ratite birds (Cooper et al. 2001) . For some insects and other groups of small aquatic invertebrates (e.g. triclad flatworms), present day distributions suggest that in many cases transoceanic dispersal in these groups has occurred (Briggs 1995) .
Various mechanisms of transoceanic dispersal have been suggested (Barnes et al. 2006) . In plants, the floristic affinities of extratropical islands in the Southern Hemisphere are best explained by direction-dependent processes, especially dispersal by prevailing winds (Muñ oz et al. 2004) . Directiondependent processes rather than random dispersal, in which floristic affinity will reflect geographical distance between islands, provided the best explanation for the distribution of mosses, liverworts and lichens. For pteridophytes, associations are approximately equal between both types of dispersal process, reflecting a limitation on the maximum dispersal distance for these plants (Muñ oz et al. 2004) . Stronger relationships between floristic affinity and direction-dependent processes have been found when maximum annual wind speed figures are used for analyses, indicating the importance of extreme weather events in dispersal (Muñ oz et al. 2004) . The southern latitudes are dominated by the west wind drift, favouring dispersal in an easterly direction ( Winckworth et al. 2002b) . It has been suggested that within weather systems, cyclonic airflow may provide opportunities for wind dispersal in a westward direction (Winckworth et al. 2002b ) and many of the recent dispersal events detected in plants are consistent with this (e.g. Metrosideros; Wright et al. 2000; Gunnera; Wanntorp & Wanntorp 2003) . In particular, during present El Niñ o/Southern Oscillation (ENSO) events, weakened easterly winds in the tropics lead to westerly winds at lower latitudes. During the last glacial maximum (LGM), the west wind drift may have been stronger across New Zealand and subtropical/ tropical easterlies may have been weaker. This coupled with increased frequencies of El Niñ o during cool periods over the last 15 000 years may have provided opportunities for dispersal in an eastward direction at lower latitudes followed by westward dispersal on the southeast trade wind (Wright et al. 2000) .
Wind has a strong potential to disperse plants with light seeds or spores (Barnes et al. 2006) . In other cases, plants have buoyant seeds that may remain viable for several years (e.g. Sophora; Hurr et al. 1999) . However, some plants, such as Nothofagus, have dense, heavy seeds, reportedly intolerant of seawater (e.g. Craw et al. 1999) . Current understanding of the ability of some of these species to disperse across water is poor (e.g. Knapp et al. 2005) . Extreme weather, tectonic events or erosion of the land may cause entire plants to end up floating in the oceans and dispersing over large distances, potentially transporting seeds (e.g. Barber et al. 1959) . Biotic vectors, such as birds (e.g. skuas), may be responsible for dispersal of some plants in the extratropical Southern Hemisphere ( Winckworth et al. 2002b) . For aquatic species able to tolerate saltwater, dispersal through the ocean is a probable explanation of transoceanic dispersal (e.g. Waters et al. 2000) . For freshwater species, such as the triclad Cura pinguis, distributed in Australia, New Zealand and New Caledonia (Briggs 1995) , passive dispersal on floating vegetation is likely although transport by biotic vectors is also possible (Barnes et al. 2006) . All potential mechanisms of dispersal will be aided by the existence of stepping stones such as oceanic islands (Winckworth et al. 2002b) . Such stepping stones, along the Norfolk Ridge or Lord-Howe Rise, were implicated in the postGondwanan dispersal of ratites (fossil evidence suggests that early palaeognathes could fly) between Australia, New Caledonia and New Zealand (Cooper et al. 2001) .
It is surprising that molecular evidence suggests that the majority of dispersal events detected in the extratropical Southern Hemisphere have been very recent, within 10 Myr (Winckworth et al. 2002b ) with many in the last 2 Myr (Hurr et al. 1999; Wagstaff & Garnock-Jones 2000; Knapp et al. 2005) . This may partially reflect limitations in molecular phylogeny reconstruction using extant taxa or limitations in the fossil record (Winckworth et al. 2002b) . Extinctions, resulting from climatic and geological changes since the break-up of Gondwana, are likely to have eradicated many intermediate steps in dispersal events. However, recent dispersal may also reflect increased habitat availability in the Late Tertiary ( Winckworth et al. 2002b) . Given the evidence for recent dispersal events crossing large parts of the extratropical Southern Hemisphere, it would be surprising if recent immigrants did not form a significant portion of the subAntarctic and Antarctic biota.
THE EVOLUTION AND BIODIVERSITY OF THE TERRESTRIAL SUB-ANTARCTIC AND ANTARCTIC BIOTA (a) Plants
Terrestrial Antarctica has been divided into a number of zones based on climatic and biotic features (e.g. Lewis-Smith 1984; Longton 1988) . Generally three zones have been described, the sub-Antarctic, the maritime Antarctic and the continental Antarctic. The sub-Antarctic consists of a ring of islands that surround the continent including Macquarie Island, Campbell Island, South Georgia, Marion Island, Îsles Crozet, Îsles Kerguelen and Heard and Macdonald Islands (figure 1). The maritime Antarctic includes the South Shetland Islands, South Sandwich Islands, Bouvetøya (Bouvet) Island, the South Orkney Islands and the western side of the Antarctic Peninsula down to 728 S (figure 1). The continental Antarctic includes the eastern side of the Antarctic Peninsula south of 638 S and the rest of the continent (Lewis-Smith 1984; Longton 1988;  figure 1) .
A comprehensive analysis of the biodiversity of plants in the maritime and continental Antarctic has been carried out by Peat et al. (2007) . This study concluded that continental Antarctica and the Antarctic Peninsula hosted distinct floras. Within the Antarctic Peninsula, there was evidence that the eastern Antarctic Peninsula had more similarities to the southwestern Antarctic Peninsula than to the continental Antarctic suggesting that there are three potential phytogeographical zones. Finer subdivisions of the maritime Antarctic were also indicated by the data on species presence. It was also found that there were almost no endemic mosses in the Antarctic and none from inland nunataks. In contrast, lichens showed a much higher level of endemicity, with many records of endemic species being located on inland nunataks. Many of the Antarctic moss species are known to have distributions outside the maritime and continental Antarctic, on the sub-Antarctic Islands and extratropical Southern Hemisphere landmasses, or are cosmopolitan (Skotnicki et al. 2000; McDaniel & Shaw 2005) . This is consistent with post-glacial colonization of the Antarctic by these plants possibly through wind-borne dispersal (e.g. Muñ oz et al. 2004; Barnes et al. 2006) . In contrast, some lichen species are likely to have survived the Pleistocene glaciations in refugia. However, it is possible that the distribution of these species in the Antarctic has contracted, following climatic changes on the continent and immigration of other terrestrial plants after the last glaciation. It should also be noted that knowledge of the distribution of lichens in the Southern Hemisphere may be incomplete.
Mosses have been the subject of several genetic studies in the Antarctic and sub-Antarctic. These studies have been based on haplotype frequencies of allozymes (the dominant vegetative stage of mosses is haploid; e.g. Adam et al. 1997; Selkirk et al. 1997) , random amplified polymorphic DNA markers (RAPDs; e.g. Seppelt et al. 1996 Seppelt et al. (1999 ; Adam et al. 1997; Selkirk et al. 1997 Selkirk et al. , 1998 Skotnicki et al. 1997 Skotnicki et al. , 1998a Skotnicki et al. ,b, 1999 Skotnicki et al. , 2000 Skotnicki et al. , 2001 Skotnicki et al. , 2002 Skotnicki et al. , 2004 and DNA sequence studies, particularly of the internal transcribed spacer regions ( ITS1 and ITS2) of the nuclear rRNA encoding multigene family (e.g. Skotnicki et al. 2002 Skotnicki et al. , 2004 Skotnicki et al. , 2005 . Some of these studies have not sampled large numbers of individual moss colonies across study sites and RAPD analysis has been criticized generally for experimental artefacts, lack of reproducibility and the fact that the inheritance of loci is unknown (e.g. Hadrys et al. 1992; Grosberg et al. 1996) . However, because mosses are haploid scoring RAPD loci is simplified and Antarctic studies have generally been optimized to increase reproducibility (e.g. Adam et al. 1997) .
Genetic studies on Antarctic mosses have resulted in similar findings across a range of species. In almost all studies employing RAPDs, it has been found that the haplotypes of shoots from single moss clumps are variable ( As the branches of the vegetative phase of mosses grow from a single vegetative cell, somatic mutations will result in genetic variation among the branches of moss clumps (Skotnicki et al. 2000) . Such intracolonial genetic mosaicism has not been reported commonly for mosses outside of the Antarctic. Explanations for this have included high mutation rates caused by exposure to UV-B radiation (e.g. Adam et al. 1997) . However, observations and experiments on UV exposure in Antarctic mosses have shown that at least some species synthesize UV-protectant pigments and that DNA damage is repaired overnight (e.g. Lud et al. 2002; Newsham et al. 2002) . Notwithstanding this, there is a possibility that mutation rates are increased by UV exposure and that the DNA repair machinery may operate at a lower efficiency at low temperatures. More significantly, Antarctic mosses grow very slowly and some of the colonies sampled may be very old. In such cases, somatic mutations may accumulate within a clump over time and the mutation rate may also increase owing to senescence or gradual degradation of the DNA repair machinery itself, especially as the plants are haploid (Gill et al. 1995) .
Many studies on spatial genetic structure of moss populations in the Antarctic have detected significant differentiation over relatively small geographical distances (less than 1 km; table 1). A major contributory factor to the high levels of genetic structure detected in the continental Antarctic is that these mosses reproduce almost exclusively by asexual means and dispersal of propagules is limited. Evidence has been presented that mosses disperse along watercourses over relatively short distances (e.g. Skotnicki et al. 2000) . Low availability of habitat inhibits successful colonization by limiting opportunities for stepping-stone dispersal over larger distances. Only 0.3% of the 14 million km 2 area of the continent of Antarctica is ice free (British Antarctic Survey 2004; see also Peat et al. 2007) . Particularly rich and genetically diverse moss populations tend to sporadically occur where habitat is more favourable owing to protection from harsh environmental conditions (e.g. Skotnicki et al. 1998a) .
There is evidence for occasional longer distance wind-borne dispersal by Antarctic mosses that reproduce only through vegetative propagules, by identification of identical haplotypes in geographically separated sites (e.g. Bryum pseudotriquetrum colonies across sites separated by 45 km; Skotnicki et al. 2000; table 1 ). That such putative dispersal events can be detected suggests that dispersal processes in mosses in the continental Antarctic are taking place at a slow rate. However, the existence of exotic moss species at fumaroles is evidence that wind dispersal is the main agent for transoceanic dispersal of mosses into the Antarctic (e.g. Convey et al. 2000) . These are likely to have become established through dispersal of sexually produced spores. Aerobiological studies also support such a means of long-distance dispersal (Marshall 1996) . However, at present, there are no detailed phylogeographic studies on the genetic structure of mosses at transoceanic scales in this region that allow the timing of colonization of the Antarctic to be dated.
The moss H. heimii produces spores frequently in the maritime Antarctic (Lewis- Smith & Convey 2002; P. Convey 2006, personal communication British Antarctic Survey, Cambridge, UK) and shows relatively low genetic structure between populations at small spatial scales (Selkirk et al. 1998) . Sarconeurum glaciale shows limited genetic differentiation between populations up to 75 km separation ). This species is not supposed to reproduce sexually in the continental Antarctic and why it shows limited genetic structure compared to other species is unknown. Both Campylopus pyriformis and Pohlia nutans are found in geothermally active regions and probably represent recent colonists to the Antarctic. Genetic variability in such recent colonists may be limited owing to founder effects, as seems to be the case of P. nutans. It is therefore not surprising that studies of genetic structure over relatively small spatial scales, in such species, show limited differentiation (Skotnicki et al. 2001 (Skotnicki et al. , 2002 .
Mosses from outside of the Antarctic often show limited genetic structure among populations as a result of spore-mediated dispersal across large geographical distances (e.g. Polytrichum spp., van der Velde & Bijlsma 2003; Sphagnum spp., Thingsgaard 2001). However, non-Antarctic populations can also show high levels of genetic differentiation and this may be related to several different factors. Low frequency or a complete lack of sexual reproduction in some species (particularly those that are monoecious) means that long-distance dispersal is not possible for some mosses ( Korpelainen et al. 2005) . Historical processes, Table 1 . Within colony variation and genetic structure of moss populations in the Antarctic (variation, multiple haplotypes detected within single moss clump; yes, genetic differentiation detected between populations at the geographical distance indicated. Data from, Seppelt et al. (1996 Seppelt et al. ( (1999 ), Adam et al. 1997 , Dale et al. 1999 , 1998a Holdregger et al. 2003) . This study found that D. antarctica displayed low genetic diversity and no genotypes were shared between the Signy Island and southern populations, indicating a complete lack of gene flow between these localities. Furthermore, there was significant genetic differentiation found between sub-populations within these two regions, separated by up to 4 km distance. In the southern populations, a single genotype did occur on all the three islands. D. antarctica can self-fertilize and is often cleistogamous (Moore 1983 ) and, like mosses, vegetative propagation is thought to be important in dispersal (Komárková et al. 1985) . It is possible that transport of tillers by birds takes place over small distances as they use the grass as nesting material (Holdregger et al. 2003) .
If climate change ameliorates environmental conditions sufficiently then at least some Antarctic plants may be able to shift from asexual to sexual modes of reproduction or increase the rates of sexual reproduction (Convey 1996 (Convey , 2003 . Warming in the Antarctic and sub-Antarctic has already led to increased habitat availability and plants have already been observed to expand their distribution by increasing both population numbers and size (Chown & Convey 2007) . These factors are likely to have a dramatic impact on the genetic structure of populations, as a result of increased occurrence of genetic recombination, increased dispersal capacity, population size and the number and spatial distribution of populations.
(b) Animals
The terrestrial fauna of the Antarctic is depauperate and consists of microarthropods, nematodes, tardigrades, rotifers and protozoans (Convey 2001 (Convey , 2003 . In some cases, not all of these elements are present and animal communities in the Dry Valleys of Victoria Land and nunataks of Ellsworth Land are among the simplest known on the Earth (Freckman & Virginia 1997 Convey & McInnes 2005) . As with the plants, the terrestrial fauna can be divided into three distinct biogeographic regions, the continental Antarctic, the maritime Antarctic and the sub-Antarctic. The continental Antarctic and maritime Antarctic host distinct faunas with an almost complete separation at species level (Chown & Convey 2007 ). The majority of continental species are endemic and are probably pre-Pleistocene in origin, in some cases representing Gondwanan relicts ( Wise 1967; Wallwork 1973; Greenslade 1995; Marshall & Pugh 1996; Pugh & Convey 2000; . These species must have survived recent glaciations in refugia such as nunataks where ancient 'chalikosystems', bare gravels with scattered microphytes, remained ice free (Marshall & Pugh 1996) . Thus, vicariance, extinction driven by the extremely harsh environmental conditions and habitat availability have been the strong forces in shaping the continental Antarctic fauna.
In contrast, the maritime Antarctic fauna shows a much lower degree overall of endemism than the continent (Wallwork 1973; Pugh & Convey 2000) , although levels of endemicity within specific groups vary (e.g. families of Acari: Pugh & Convey 2000; nematodes: Andrássy 1998; Maslen & Convey 2006) . Some species are shared with the sub-Antarctic and these almost certainly represent post-glacial colonists as much of the presently available habitat in the maritime Antarctic will have been obliterated during the Pleistocene glaciations. Such data should be treated with caution as, for example, the collembolan Cryptopygus antarcticus antarcticus was also thought to occur on the Antarctic Peninsula and sub-Antarctic islands, but is now recognized to be a complex of morphologically similar species . Within the Acari, many groups are capable of surviving seawater inundation (Pugh & Convey 2000; Coulson et al. 2002) and hydrochory (dispersal by water) is the most probable route for species colonizing the maritime Antarctic (Pugh & Convey 2000; Barnes et al. 2006) . As with extratropical plants, there is also evidence for colonization of the maritime Antarctic by sub-Antarctic and extratropical species against the prevailing westerly Antarctic Circumpolar Current (ACC) presumably as a result of storm events (Pugh & Convey 2000 ; see above and figure 2).
Differences in the fauna of the northern and southern parts of the maritime Antarctic have been observed and different subspecies of Alaskozetes antarcticus and Halozetes belgicae are found in these areas ( Wallwork 1973 ; although sometimes these subspecies are sympatric and the current systematic status is questionable). Some endemic maritime Antarctic species probably originated prior to the Pleistocene glaciations and are largely confined to the southern Maritime Antarctic (Wallwork 1973; Pugh & Convey 2000) . For example, the acarids belonging to the Actenidida are mostly endemic. This group is not generally tolerant of prolonged exposure to seawater and must have survived in the maritime Antarctic in refugia, although these are currently unknown (Pugh & Convey 2000) .
The sub-Antarctic fauna also shows high levels of endemism at the specific level but there are differences in the distribution of species in the western (South Georgia) and eastern (Macquarie Island to Crozet Islands) parts of the zone. Despite there being some species that occur throughout the sub-Antarctic zone, many eastern species do not occur in the western subAntarctic and vice versa. This picture changes at the generic level where more taxa occur across both the regions. Both Macquarie Island and South Georgia have continental origins and it is likely that vicariance has probably played a significant role in evolution of the fauna of this region ( Wallwork 1973) . This is supported by recent studies of the molecular phylogenetics of chironomid midges in the sub-Antarctic. Estimates of the divergence times of chironomid species, based on 28S DNA sequence data, on South Georgia, South America and the Antarctic Peninsula are consistent with geological estimates of the age of fragmentation of these continental blocks (Allegrucci et al. 2006) . Divergence times of Cryptopygus spp. found on Îles Crozet and Îles Kerguelen are consistent with a mid-to late Miocene origin of populations/species suggesting that they are not recent but have survived in refugia over long time periods . There is also some evidence of Pleistocene dispersal of Cryptopygus spp. among the sub-Antarctic islands based on mitochondrial cytochrome oxidase I sequence data . Rafts of live individuals of the collembolan, Cryptopygus sp. (reported as C. antarcticus antarcticus), have been observed floating in the ocean, some distance from land (Gressitt 1967) , again suggesting hydrochory as a likely route of transport. Post-glacial dispersal and immigration of many subAntarctic species remains a possibility. Elements of the sub-Antarctic fauna are certainly recent immigrants, originating from the temperate Southern Hemisphere or from the maritime Antarctic (Wallwork 1973; see Chown & Convey 2007) .
Studies of genetic population structure in terrestrial Antarctic invertebrates based on allozyme electrophoresis and mtDNA sequence analyses reveal a consistent pattern of high levels of genetic differentiation between populations on spatial scales of 10-100 km and in one case less than 1 km (table 2). As with mosses, habitat availability for Antarctic invertebrates is a major factor in determining of their distribution and probably a significant limitation on effective gene flow between populations. The majority of studies on terrestrial invertebrates have been on Collembola from Victoria Land in the eastern Antarctic (Fanciulli et al. 2001; Frati et al. 2001; Stevens & Hogg 2003 , 2006 . Collembola are reliant on the availability of water, algae, fungal material or prey as food sources, and shelter (under stones) from winds, as they are sensitive to dehydration (Fanciulli et al. 2001) . This combination of physical and biological factors exists in sparsely distributed patches and areas of non-suitable habitat between them may effectively limit dispersal even over relatively short distances. At larger scales, geographical features such as glaciers or tracts of sea ice act as major barriers to gene flow between populations (Fanciulli et al. 2001; Frati et al. 2001; Stevens & Hogg 2003) . Genetic differentiation among such fragmented populations will be enhanced by genetic drift, especially where numbers of individuals within subpopulations are small. Founder events may also result in genetic differences between populations where the number of founding individuals is small when compared with the source population.
Observations of high levels of genetic structure in populations of the nematode, Scottnema lindsayae, are more difficult to explain (Courtright et al. 2000) . Nematodes can form anhydrobiotic resistant stages that are potentially dispersed by wind (e.g. Carroll & Viglierchio 1981) . In some species, this leads to a lack of genetic structure within geographical regions (e.g. Picard et al. 2004; Plantard & Porte 2004) , the opposite to what is found with S. lindsayae. Alternatively, limited habitat availability or specific behavioural adaptations that have evolved owing to the former may act to prevent genetically effective dispersal in this species. Again, drift and founder effects may act to increase genetic differentiation among small populations. High levels of genetic structure in populations of terrestrial invertebrates are not unusual. Many have low vagility as a result of limited adult mobility or a lack of dispersive resistant stages and this restricts gene flow between populations (Peterson & Denno 1998) . In addition, such organisms often have highly specific environmental requirements and populations may occur in small patches of suitable habitat, often separated by large areas of unsuitable terrain. The occurrence of small populations means that genetic drift has a strong influence on genetic population structure. For the above reasons, historical impacts on the genetic population structure of terrestrial invertebrates tend to be important. In particular, the effects of the Pleistocene glaciations on fragmentation of populations into relatively small refugia and subsequent population expansion, as with terrestrial plants, has had a significant influence on the genetic population structure of terrestrial and freshwater invertebrates in temperate, sub-tropical and tropical latitudes (e.g. Hugall et al. 2002; Garrick et al. 2004; Hewitt 2004; Ribera & Vogler 2004) .
Historical factors are highly significant in the determination of spatial genetic structure of Antarctic terrestrial invertebrates. The distribution of haplotypes among populations of the collembolan, Gomphiocephalus hodgsoni, in southern Victoria Land, is consistent with Pleistocene divergence of allopatric populations located in isolated refugia (Stevens & Hogg 2003; Nolan et al. 2006) . Common nucleotides among haplotypes suggested limited dispersal from isolated populations along meltwater streams (Nolan et al. 2006) , or over larger distances, by biological vectors such as birds (Stevens & Hogg 2003 ) since the LGM. There is also evidence of a hybridization zone between haplotype groups providing evidence of secondary contact during post-glacial population expansion (Nolan et al. 2006) , although this occurs across smaller geographical scales than zones found in, e.g. northeastern Europe ( Hewitt 2004 ). Some peripheral populations are characterized by low genetic variability suggesting founder events or the results of past bottlenecks (Stevens & Hogg 2003) . Similar evidence of rare dispersal events were also detected in the collembolan Gressitacantha terranova where, again, low genetic variability suggests a relatively recent founder event (Fanciulli et al. 2001) . Such events are infrequent suggesting that processes of dispersal and colonization from glacial refugia in the continental Antarctic are very slow probably owing to limited habitat availability. Studies on mitochondrial DNA sequence variation of the mite Stereotydeus mollis in Southern Victoria Land have revealed a similar pattern of population structure to G. hodgsoni, except the divergence between haplotypes in different localities is much greater suggesting the presence of cryptic species in some cases . It was hypothesized that differences in the survival abilities of mites and collembolans over glaciations and differences in life history and physiology, leading to contrasting rates of molecular evolution may have contributed to differences in present genetic variation . It is also possible that such biological differences mean that the mites have survived in refugia over more glacial cycles than the collembolans.
The impacts of glaciations on population size and distribution, limited vagility of many terrestrial Antarctic invertebrates and significant barriers to dispersal (mountain ranges or the ocean), may partially explain why the fauna of the continental and maritime Antarctic and sub-Antarctic are so distinct. The two areas also differ with respect to climate, hence environmental factors may prevent successful migration and colonization from one region to the other. One potential impact of climate change will be to increase habitat availability for many terrestrial species and thus to increase the rates of dispersal and colonization in both terrestrial plants and animals (Chown & Convey 2007) . A potential test of this is the comparison of the genetic structure of terrestrial invertebrates and plants in the continental versus maritime Antarctic.
Finally, as with some mosses, it has been observed that Antarctic Collembola show high levels of genetic variability compared to those from other parts of the world. This has been attributed as possibly being a result of exposure to UV radiation . However, many of the species studied occur in cryptic Stevens & Hogg (2003) , Nolan et al. (2006) and 
THE MARINE ENVIRONMENT
As with terrestrial plants, vicariance arising from the break-up of Gondwana played a significant role in determination of the biogeography of extant marine taxa in the Southern Hemisphere. The patellid limpet genera, Nacella and Cellana, are currently distributed in the Indo-West Pacific, Australia, South Africa and Antarctica (Koufopanou et al. 1999) . Phylogenies based on mitochondrial DNA sequences, and fossil evidence, suggest that these groups probably arose 100 Myr BP (Koufopanou et al. 1999; Goldstein et al. 2006 ) from a common ancestor that originated in the Weddellian marine faunal province (e.g. Zinsmeister 1982 ). However, inconsistencies in the phylogenetic relationships of species within these genera suggest that other biogeographic origins are possible or that more recent dispersal also influenced distribution (Koufopanou et al. 1999; Goldstein et al. 2006) . Stronger evidence of the influence of vicariance in the biogeography of marine species has arisen from mitochondrial and nuclear DNA sequence studies of littorinid gastropods ( Williams et al. 2003) . In particular, the estimated time of divergence of the South American species, Austrolittorina araucana from other Austrolittorina spp. is consistent with the fragmentation of Gondwana or vicariance caused by climatic factors (Williams et al. 2003) . However, as with other organisms, more recent transoceanic dispersal of littorinids has also played a significant role in determination of distribution and speciation of Southern Hemisphere littorinids, including species of Austrolittorina and Afrolittorina ( Williams et al. 2003) . This may have been promoted by strong current flows in the past, as with terrestrial plants (Oligocene to Early Miocene: Beu et al. 1997; Williams et al. 2003) .
Hypotheses relating the biogeography of Southern Hemisphere marine invertebrates to vicariant events suggest that Antarctic taxa became extinct, probably as a result of climatic cooling (e.g. Williams et al. 2003) . Analysis of the marine fauna has shown that many groups of marine invertebrates (e.g. brachyuran decapods, Stomatopoda, balaniform barnacles; Brandt et al. 2004 ) and fishes are poorly represented or missing from the Southern Ocean and continental waters of Antarctica. Other groups have undergone radiations in the waters of the Southern Ocean, and overall the fauna is highly endemic (Clarke & Johnston 2003) . As with the terrestrial biota, species distributions for several groups of animals indicate that the fauna can be divided into a number of regions (Hedgepeth 1969; Dell 1972; White 1984; Barnes & De Grave 2000; see below) . How and why some groups of animals have survived and radiated in the Southern Ocean while others have gone extinct is complex, but is probably best addressed by examination of the single group for which most data exist, the notothenioid fish.
(a) Evolution of notothenioid fishes The fish fauna of the shelf and upper slope regions of the Antarctic comprise 222 species to date (Eastman 2005) . Of these, about 101 species belong to the suborder Notothenioidei and these dominate the abundance (more than 90% in Ross Sea) and biomass (more than 90% in Ross Sea) of the fish fauna on the Antarctic shelf (Eastman 2000 (Eastman , 2005 . Other groups of fishes are also found, including the liparid fishes, which are more important in the deep waters of the Antarctic and the zoarcids (Eastman 2000) . Studies on the molecular phylogenetics of the notothenioid fishes have concluded that the initial diversification of non-Antarctic notothenioid groups, including the Bovichtidae, the Pseudaphritidae and the Eleginopidae, distributed in the coastal waters of South America, southern Australia and Tasmania, resulted from vicariance associated with the fragmentation of Gondwana (Near 2004) . The remainder of the notothenioid fishes form a monophyletic group of species that are characterized by possession of antifreeze glycoproteins (AFGPs; Lecointre et al. 1997; Ritchie et al. 1997; Bargelloni et al. 2000; Near 2004; Near et al. 2004) .
AFGPs evolved by the recruitment of a small section of the trypsinogen gene between the first intron and the second exon, the deletion of most of the rest of the gene (from the second exon to fifth intron) and the amplification of a section of DNA coding for ThrAla-Ala, from the second exon, to form the repetitive tripeptide backbone of the AFGP molecule (Chen et al. 1997) . AFGPs work by preventing the growth of large ice crystals from seed crystals or from other ice nucleators and were a key evolutionary step that allowed the notothenioids to diversify in the icy waters of the Antarctic (Chen et al. 1997; Eastman 2000; Near 2004; Cheng & Detrich 2007) . The timing of evolution of this gene was estimated at 5-14 Myr BP based on an estimation of divergence time between trypsinogen and AFGP using teleost mitochondrial DNA divergence rates (Chen et al. 1997) . The more rapid evolution of the mitochondrial DNA compared to nuclear DNA means that this may be an underestimate of divergence times. More recently, the origin of the AFGP-bearing notothenioid families has been estimated at approximately 24 Myr BP from times of divergence derived from phylogenetic analysis of mitochondrial 12S and 16S rDNA. However, the divergence time estimates were constrained by a single fossil record, the identity of which is controversial (Near 2004 ). Both of these estimates are after the opening of Drake Passage and the establishment of permanent ice sheets in the Antarctic ( Tripati et al. 2005 ) and indicate that the Evolution of the Antarctic biota A. D. Rogers 2199 evolution of AFGPs must have been driven by climatic changes at the Oligocene-Miocene boundary or Middle-Miocene Climatic Transition. Following the evolution of AFGPs, there was a duplication of the genes creating a large multigene family (Hsiao et al. 1990; Fletcher et al. 2001 ). This may have been a response to the requirement for large quantities of AFGP in the body fluids of these fishes and may have helped to compensate for the general depression of rates of gene expression and protein synthesis at low temperatures (e.g. Fraser et al. 2002) .
Notothenioids show many other adaptations, at the molecular level, to life at low temperatures. Several studies have revealed amino acid substitutions that confer greater flexibility to proteins (e.g. et al. 2002) . This has been partially compensated for by the development of large gills, scaleless skin and large increases in heart size and blood volume (Hemmingsen 1991; Cheng & Detrich 2007) . Some channichthyids also lack myoglobin in their cardiac muscles (Moylan & Sidell 2000) . Other general physiological adaptations in the Notothenioidei include increased density of mitochondria in cardiac and red skeletal muscle tissue, thought to compensate for a reduced respiratory capacity at low temperatures. The mode of muscle development is also unusual in notothenioid fishes and they have evolved giant muscle fibres ( Johnston 2003) made possible by decreased constraints exerted by diffusion of oxygen into tissues, as a result of high environmental oxygen concentration and reduced metabolic rates at low temperature (Clarke & Johnston 1999; Peck & Conway 2000; see Clark et al. 2004) .
The Notothenioidei are monophyletic and comprise six families, five of which only occur in the high Antarctic including the Harpagiferidae, Artedidraconidae, Bathydraconidae and Channichthyidae and one, the Nototheniidae, which includes a number of nonAntarctic species . While the prevalent lifestyle of Antarctic notothenioids is benthic, radiation of the suborder has involved evolution from a benthic lifestyle to pelagic or partially pelagic niches as zooplanktivores or piscivores occupying niches filled by taxonomically diverse groups of fishes at temperate and tropical latitudes (Eastman 2000) . In some cases, this involved the reduction of buoyancy by reduced skeletal mineralization (through neoteny) and alterations in the lipid composition of the body. Other groups of fishes in the Antarctic, including the zoarcids and liparids, like the notothenioids, lack swim bladders, but these have failed to evolve into vacant niches as successfully. Exploitation of non-benthic food sources also forced evolutionary changes in the morphology of the head and mouthparts of some species (e.g. Channicthyidae; Iwami 1985) . As a result of their extensive radiation, notothenioids are considered an example of a marine species flock (Johns & Avise 1998; Eastman 2000) .
The radiation of notothenioids in the Antarctic was promoted by contraction of populations into refugia during glacial cycles and subsequent allopatric speciation (e.g. Channichthyidae; Near et al. 2003; Patarnello et al. 2003) . This may have occurred as recently as over the last 100 000 years and refugia may have included the islands of the maritime or sub-Antarctic (Near et al. 2003) or ice-free areas of the continental shelf.
Can similarities be drawn between the radiation of the Notothenioidei and other groups of marine animals? Penguins (Spheniscidae) have evolved a number of novel features including the transformation of wing morphology for swimming, skeletal modifications for locomotion on land, modifications of plumage for insulation at low temperatures and adaptations in breeding systems (Giannini & Bertelli 2004; Bertelli & Giannini 2005) . Fossil records place the earliest penguins on the Antarctic Peninsula 55 Myr BP, prior to the final separation of the Antarctic and South America ( Tambussi et al. 2005) . Analysis of the molecular phylogeny of penguins based on combined nuclear and mitochondrial sequence data (5851 bp) suggests that the penguins diverged from albatrosses about 70 Myr BP and originated in Gondwana (Baker et al. 2006 ). Evidence of a diverse penguin fauna exists for the Antarctic Peninsula to the Late Eocene (34-36 Myr BP) including both large and small species ( Tambussi et al. 2005) . The climatic cooling associated with the Eocene-Oligocene transition (34 Myr BP) and the opening of Drake Passage, led to the extinction of the large-bodied penguin taxa. During this period, the genera Spheniscus, Eudyptes and Eudyptula diverged from the basal 'Antarctic' penguins of the Aptenodytes and Pygoscelis lineages (Baker et al. 2006) . Subsequently, these groups dispersed northwards into warmer waters, probably aided by the ACC, mainly in a west to east direction, followed by allopatric speciation. Approximately 12-14 Myr BP, a further cooling event occurred in the Antarctic accompanied by intensification of the ACC (Middle Miocene Climatic Transition), leading to a further period of cladogenesis in sub-Antarctic and cool-temperate penguins (Baker et al. 2006) . Further dispersal and speciation events have occurred up to the last 2 Myr BP (Baker et al. 2006) as with other Southern Hemisphere extratropical species. This group therefore originated in the Antarctic but differs from the Notothenioidei in that it is most diverse and has undergone most radiation outside of the Antarctic. Likewise, the albatrosses are predominantly distributed in the sub-Antarctic and southern Atlantic, Indian and Pacific Oceans with one monophyletic clade having radiated in the North Pacific (cytochrome b sequence data; Nunn et al. 1996; see also Page et al. 2004 ).
Several species are distributed in the Southern Ocean although they breed in the sub-Antarctic (e.g. Diomedea exulans, Thalassarche melanophris, T. cauta, T. chrysostoma and Phoebetria palpebrata).
For Antarctic marine invertebrates, it is difficult to decide whether radiations have occurred in the Antarctic owing to the lack of research on most groups. Molecular phylogenies based on mitochondrial DNA sequences indicate that the thermal isolation of the Antarctic resulting from the opening of Drake Passage was followed by vicariant speciation in several marine invertebrate groups including krill (separation of Euphausia superba and E. crystallorophias from the sub-Antarctic E. vallentini; Patarnello et al. 1996) and sea urchins (Sterechinus neumayeri; Lee et al. 2004 ). These groups have not undergone the same kind of radiation as the notothenioid fishes. However, the peracarid crustaceans, especially the isopods and amphipods have undergone a significant species radiation in the Antarctic. Following geographical and thermal isolation, as with the notothenioids, it is thought that extinction events in the Antarctic gave rise to many vacant niches providing opportunities for speciation in the peracarids (Brandt 2000) . Data from DNA-sequencing studies are largely consistent with radiations in amphipod families following the geographical isolation of the Antarctic (Lö rz & Held 2004) . In some cases, speciation involved shifts up and down the continental slope and on or off the continental shelf, aided by the narrow temperature range in the water column and the tendency towards eurybathy for many taxa (Brandt et al. 2004 ; but see below). This was aided by the retreat and advance of ice shelves which provided opportunities for allopatric speciation followed by secondary contact of species (e.g. for the Serolidae Brandt et al. 2004; see below) . Radiations of Peracarida were also accompanied by changes in the morphology of the feeding appendages of many taxa, indicating that shifts in feeding strategies may have been an important aspect of expansion into new niches (e.g. Watling & Thurston 1989 for the Iphimediidae; De Broyer et al. 2004 bathyal & abyssal peracarids) . Gigantism, made possible by the high oxygen concentrations in cold seawater (Chapelle & Peck 1999) , probably also played a role in evolution of some of these groups (Brandt 2000) .
Other groups of invertebrates are highly speciose in the Southern Ocean and shallow seas of the Antarctic compared to elsewhere in the world, including the pycnogonids and the ascidians (Clarke & Johnston 2003) . The octopuses of the family Octopodidae have also been found to be more speciose and taxonomically more complex than previously realized on the basis of both molecular and morphological studies (e.g. Allcock & Piertney 2002; Allcock et al. 2003 Allcock et al. , 2004 . This group may also have undergone a significant radiation in Antarctic waters in response to vacant niches or a lack of predators.
It is likely that, like the notothenioids, the evolution of several invertebrate groups in the Antarctic was a response to vacant niches and has also involved specific adaptations to life at low temperatures. The absence of durophagous (shell-breaking) predators in the Antarctic or of direct competitors may have aided the invasion of such niches. The Antarctic may also have acted as a centre of origin for Peracarida and other taxa found in the deep sea of the world's oceans. Colonizations of the deep sea are likely to have occurred following switches from greenhouse to icehouse conditions and were made possible by the thermohaline circulation ( Rogers 2000) . Further research is required on the evolution of Antarctic marine invertebrates, particularly on high-diversity groups such as peracarids, pycnogonids and ascidians.
(b) Distribution, dispersal and ecology of Antarctic marine species The strong, eastwards flowing ACC and the nearshore East Wind Drift have been considered as promoting the dispersal of marine organisms throughout the waters of the Southern Ocean (e.g. Bargelloni et al. 2000) . In addition, the low range of temperature variation with depth and the fact that nearshore waters of the Antarctic are deep compared with elsewhere in the world are thought to have promoted eurybathy in many taxa (Gutt 1991; Brey et al. 1996) . These hypotheses have been supported by observations of wide geographical distribution of many taxa in the Southern Ocean. However, in terms of biogeography, the marine fauna is divisible into several distinct zones, namely, the high Antarctic, around the continent and Southern Ocean south of the PFZ and the sub-Antarctic, north of the PFZ (Hedgepeth 1969; Dell 1972 ). These regions have been divided into sub-regions on the bases of faunal composition. For example, Barnes & De Grave (2000) identified four zones, based on the distribution of bryozoans within the Antarctic, including the East Antarctic, the West Antarctic, the Antarctic Peninsula and the Scotia Arc (see also White 1984; Clarke & Johnston 2003) . Such faunal differences reflect different geological, geographical and climatic histories of the regions of the Antarctic (e.g. Barnes & De Grave 2000) , more severe environmental conditions in higher latitudes and differences in habitat availability (e.g. Raguá-Gil et al. 2004) . However, molecular studies are demonstrating that species distributions are more limited than previously considered and that even where species ranges are apparently circumpolar, populations are not often genetically homogeneous.
For example, the genetic structure of several protozoans has been analysed in the Southern Ocean. In the pelagic realm, significant genetic heterogeneity in the SSU rRNA gene has been detected between samples of the planktonic foraminiferan, Neogloboquadrina pachyderma (Darling et al. 2004) and in the nuclear internal transcribed spacer region (ITS1) in Phaeocystis antarctica (Medlin et al. 2000) . In the case of N. pachyderma, estimates of times of divergence based on the molecular clock indicated that differentiation among genotypes occurred during the last 1 Myr during the Mid-Pleistocene Transition, the period when orbitally forced glacial cycles switched in periodicity from 41 to 100 kyr cycle. This and other studies have identified close genetic relationships to Arctic taxa as strains or sister species suggesting recent but discontinuous gene flow between the poles (Medlin et al. 1994 (Medlin et al. , 2000  Evolution of the Antarctic biota A. D. Rogers 2201 Darling et al. 2000 Montresor et al. 2003) . The single study on a benthic foraminiferan, Bathyallogromia weddellensis, failed to detect significant genetic differentiation between samples within the Weddell Sea, even where these came from localities separated by several thousand metres depth (Gooday et al. 2004) .
Among Antarctic marine invertebrates, krill, E. superba, have been subjected to the most studies based on a variety of genetic markers including allozymes and mtDNA sequencing. Genetic differentiation among krill populations was expected because population density is concentrated into a number of different geographical areas within large gyres (Lubimova et al. 1985; Mackintosh 1972 Mackintosh , 1973 . These studies have produced contradictory results with the majority indicating a lack of genetic differentiation (Schneppenheim & MacDonald 1984; Fevolden 1986 Fevolden , 1988 Kü hl & Schneppenheim 1986; MacDonald et al. 1986; Fevolden & Schneppenheim 1988 . However, analyses of sequence variation of mitochondrial genes of Antarctic krill and the ice krill, Euphausia crystallorophias, have indicated genetic differentiation in geographically separated samples (e.g. Fevolden & Ayala 1981; Zane et al. 1998; . These observations indicate that genetic structure is not related to geographical separation of populations and may represent local genetic variance among krill populations arising from differences between krill swarms . Resolution of genetic differentiation between krill populations at circum-Antarctic scales will require careful design of sampling programmes to account for local variance possibly arising from differences among swarms , complex migratory behaviour over different spatial and temporal scales (Murphy et al. 2007 ) and the enormous overall population size in this species.
Slight but significant genetic differentiation has been detected using RAPDs, in populations of the squid, Moroteuthis ingens, sampled from the Falkland Islands and Macquarie Island (Sands et al. 2003) . While this species is regarded as pelagic, it is associated with waters overlying continental/island shelves to depths of 1450 m (Jackson 1997) and deep water may act as a barrier to gene flow in this species. The populations sampled also lay either side of the PFZ and this may also act as a barrier to dispersal of larvae (see below for toothfish). The small levels of differentiation between these populations may have resulted from the recent diversification of these populations or a founder event (Sands et al. 2003) . Genetic differentiation among populations of squid on the Patagonian Shelf in the South Atlantic has also been detected using allozymes (Martialia hyadesi; Brierley et al. 1993 ) and microsatellites (Illex argentinus; Adcock et al. 1999) , although in the latter case, genetic differences between samples were not regarded as conclusive evidence of differentiation between populations.
Analysis of the genetic population structure of benthic invertebrates has consistently detected higher levels of genetic differentiation compared with pelagic invertebrate species within geographical regions (scales of tens to hundreds of kilometres; Beaumont & Wei 1991; Allcock et al. 1997; Rogers et al. 1998; Held & Wägele 2005) and between regions (Page & Linse 2002) . In some cases, differentiation was sufficiently high that it may represent the occurrence of species complexes in Antarctic taxa (e.g. Rogers et al. 1998; Page & Linse 2002; Held & Wägele 2005) , a phenomenon that has been observed globally for many groups of marine invertebrates (Knowlton 1993 (Knowlton , 2000 . In the case of the giant isopod, Glyptonotus antarcticus, distinct haplotypes occur sympatrically in the eastern Weddell Sea separated by depth (one haplotype coming from more than 600 m depth, the other from shallow water). This challenges the concept of extended eurybathy in Antarctic species. Analysis of genetic differentiation in vertically separated populations of bivalves in the Scotia Sea also indicates the existence of cryptic species with different bathymetric ranges (K. Linse 2006, personal communication British Antarctic Survey, Cambridge, UK).
Higher levels of genetic structure in benthic invertebrates probably reflect lower capacity for dispersal than pelagic species at larval and adult stages (some groups such as peracarids brood larvae). The benthic environment is also more complex than the pelagic, offering a larger variety of habitats and greater opportunity for habitat specialization. The spatial fragmentation of benthic habitats will force genetic structuring of populations unable to cross intervening areas of unfavourable habitat ( Wiens 2004) . Such a situation becomes extreme where populations were historically separated during cycles of glaciation (see below).
Studies on the genetic structure of Antarctic fish populations have also detected significant levels of genetic differentiation at the regional and sub-regional scale in the Antarctic and sub-Antarctic (e.g. Smith & McVeagh 2000; Appleyard et al. 2002; Shaw et al. 2004; Kuhn & Gaffney 2006; Rogers et al. 2006) . In some cases, genetic differentiation in populations separated by only small geographical distances has been detected. In Patagonian toothfish, Dissostichus eleginoides, almost fixed differences in mitochondrial haplotype frequencies have also been detected across a relatively small geographical range between the Patagonian Shelf and South Georgia (Shaw et al. 2004; Rogers et al. 2006) . These localities are separated by a channel that is thought to be deeper than the maximum depth of distribution of this species (more than 2000 m). In addition, these areas are separated by two oceanic fronts, the PFZ and the sub-Antarctic Front, that probably prevent larval dispersal between them (Rogers et al. 2006) . Marked differences in levels of genetic differentiation detected with mitochondrial and nuclear (microsatellite) markers were also detected for toothfish leading to the suggestion of sex-biased dispersal in this species (Shaw et al. 2004; Rogers et al. 2006) . In the mackerel icefish, Champsocephalus gunneri, analysis of haplotypes and genotype frequencies has detected significant genetic differences between populations on South Georgia and Shag Rocks, separated by approximately 150 km distance (Kuhn & Gaffney 2006 ; see also Allcock et al. 1997 for Pareledone turqueti ). Evidence from analyses of mismatch distributions of mitochondrial haplotypes suggests that significant genetic differentiation within the Scotia Sea is linked to historical events leading to population expansions in the region between 37 and 137 kyr BP (Shag Rocks) or more recently (South Shetland Islands). These events are probably linked to the LGM and suggest similar mechanisms of lineage generation to those that led to speciation in the Channichthyidae (see above).
Analysis of the genetic structure of pinniped populations based on allozymes, mtDNA (controlregion or D-loop) haplotype variation and nuclear sequences and microsatellites have also indicated significant genetic differentiation between populations of the southern elephant seal (Mirounga leonine), sub-Antarctic and Antarctic fur seals (Arctocephalus tropicalis, Arctocephalus gazella; Gales et al. 1989; Slade et al. 1998; Wynen et al. 2000) . For the southern elephant seal, levels of divergence between populations suggested that they separated at periods corresponding to the end of the LGM (20 kyr BP), or at the start of the LGM (200 kyr BP). Historical factors combined with high levels of natal philopatry, especially in females, are thought to account for the marked structure found in fur seal populations. This suggests a pattern whereby seal populations become isolated in refugia during glacial periods, probably located around the islands of the sub-Antarctic or on the southern tips of South Africa, South America and along the southern coast of Australia (Slade et al. 1998) . During periods of postglacial warming, population expansion and colonization of areas further south takes place. Arctocephalus gazella has been subject to a number of investigations of male reproductive success and other aspects of reproductive behaviour using microsatellites as markers to track parentage (e.g. Hoffman et al. 2003 Hoffman et al. , 2004 Hoffman & Amos 2005) .
Perhaps the most striking evidence of the historical impacts of the LGM has come from analysis of variation in sequences of the mitochondrial control region in Adelie penguins (Pygoscelis adeliae). Both extant penguins and bones excavated from old nesting sites more than 6 kyr BP revealed two ancient haplotype lineages (Lambert et al. 2002; Ritchie et al. 2004) , one confined to the Ross Sea and the other occurring all around the Antarctic. The time to common ancestor for these two lineages was between 30 and 308 kyr BP, depending on method of estimation, with most estimates falling within the LGM (Ritchie et al. 2004) . Median networks of relationships between haplotypes for the two lineages show starshaped phylogenetic trees typical of population expansions. The data are explained as resulting from Adelie penguins becoming confined to two geographically separated refugia during the LGM, one geographically close or adjacent to the Ross Sea, the other of unknown location. At the end of the LGM, the populations expanded and came into secondary contact (Ritchie et al. 2004) . Why one lineage is much more widespread than the other is unclear but may be related to the precise location of the refugium for the Antarctic-wide lineage. This may have been closer to more localities suitable as nesting colonies once the ice retreated or there may have been differential timing of retreat of ice near the two refugia. There is no evidence that penguins from the two lineages form separate biological species so the time over which the populations were isolated was insufficient for speciation to take place.
Interestingly, analysis of microsatellites in the Adelie penguin, P. adeliae, revealed little genetic structure around the Antarctic, although there were some significant genetic differences detected among populations in pairwise comparisons with a site on the Antarctic Peninsula (Roeder et al. 2001) . There is observational evidence of movement of Adelie penguins among colonies, especially in pre-breeding individuals (Ainley & DeMaster 1980) . Movement between colonies has also been reported as a result of blockage of migratory routes to nesting sites by grounded icebergs and sea ice (Shepherd et al. 2005) .
Analysis of genetic variation among populations of the largest vertebrates, cetaceans, is complicated by the occurrence of social groups (pods) with strong matrilineal relatedness (Hoelzel 1998) . This can bias estimates of genetic differentiation at the regional and oceanic scales, especially if sample size for geographical areas is limited. Evidence to date suggests that for some cetaceans, there is little or no genetic structure among populations at interoceanic scales including comparisons between the Southern Ocean, North Pacific and North Atlantic (e.g. fin whale, Balaenoptera physalus, Wada & Numachi 1991; see also Hoelzel 1998; Pastene et al. 2005a) . However, genetic differentiation has been detected among populations of whales sampled from different regions in the Southern Ocean including the humpback whale, Megaptera novaeangliae, (Palsbøll et al. 1995; Pastene et al. 2005a ) and the Antarctic minke whale, Balaenoptera bonaerensis (Pastene et al. 2005b) . In both of these cases, the whales feed in the Southern Ocean but migrate annually to breeding grounds in the southern Pacific, Atlantic and Indian Oceans. Genetic differentiation is maintained by reproductive isolation of populations in the breeding areas, although in minke whales, genetic structure is less pronounced in male animals. This may arise from sex-biased dispersal which has been detected in several cetacean species with females often maintaining longterm social bonds within matrilineal-related pods while males may disperse from natal groups (e.g. humpback whale, Palumbi & Baker 1994 ; sperm whale, Physeter macrocephalus, Lyrholm et al. 1999) Converse to expectations of homogeneity among populations of marine organisms around the Southern Ocean, there is evidence of significant genetic structure at the regional level between all but a few pelagic and one semi-pelagic species (table 3) . Genetic structure at the sub-regional scale is detected among all benthic and some semi-pelagic species and the former have demonstrated genetic differentiation over less than 200 km (table 3) . Historical factors have clearly played a significant role in structuring populations especially the Quaternary glaciations. During glacial periods, populations have been driven into refugia around the periphery of the Antarctic or in unknown localities (see figure 2 ). Resultant population fragmentation has led to the establishment of genetically distinct lineages which have diverged sometimes to the point of speciation. This has been followed by range expansion and sometimes secondary contact of populations of Antarctic marine taxa (see figure 2) . It is remarkable that genetically distinct regional populations have undergone so little effective mixing. What has prevented genetically effective migration across open marine environments since the LGM (Wiens 2004)? In pelagic species, lower levels of genetic structure do reflect the open nature of the pelagic environment. Here, barriers to migration and gene flow occur over large spatial scales and are related to environmental adaptation to abiotic factors such as temperature and biotic factors such as competition. This means that shifts in environmental conditions, resulting from global climate change, in the pelagic environment are likely to cause large-scale shifts in the distribution of dominant pelagic species (e.g. salps and krill; Atkinson et al. 2004) . For benthic or semi-pelagic species, barriers to migration and gene flow occur despite pelagic larval phases or a strong swimming ability in adults. Outside of the Antarctic, marine species with planktotrophic development often demonstrate a poorfit of larval duration to species ranges (e.g. Paulay & Meyer 2006) or levels of gene flow between populations (e.g. Barber et al. 2002) . Reasons for this are often unclear, but in some cases, inferences regarding dispersal ability of species based on larval development are not realized in natural populations. Oceanographic phenomena at a range of scales may also limit larval dispersal. For example, physical modelling approaches have revealed that larvae may often be retained near source habitat, especially when data related to mortality or behaviour are incorporated into studies (reviewed in Levin 2006; see Cowen et al. 2006) . Explanations for genetic differentiation in populations of Patagonian toothfish have suggested that the presence of fronts associated with the northern boundary of the ACC may act to limit gene flow between the Falkland Islands and South Georgia (Rogers et al. 2006) . Physical modelling studies coupled with data on larval ecology may help to explain the genetic structure of some Antarctic marine species especially given the detailed oceanographic models and long-term datasets for the region (e.g. for Scotia Sea reviewed in Murphy et al. 2007) . In other cases, the lack of suitable habitat lying between populations prevents genetically effective migration by steppingstone dispersal between them (e.g. toothfish; Rogers et al. 2006; see Barber et al. 2002 for tropical example) . The isolation of populations in allopatry also raises the possibility of ecological divergence between them driven by adaptation to local conditions (Wiens 2004) . Evidence for rapid local adaptive evolution associated with post-glacial colonization has been seen in nonAntarctic terrestrial taxa (e.g. Clarke et al. 2001) .
For many Antarctic taxa, the contrast in genetic structure revealed by mitochondrial and nuclear markers is striking. Differences in genetic differentiation between mitochondrial and nuclear markers should be expected at equilibrium as a result of Table 3 . Patterns of genetic differentiation among species of marine animals (scales of genetic differentiation: inter-regional, between ocean sectors of the Southern Ocean (Atlantic, Indian and Pacific); sub-regional, within ocean sectors of the Southern Ocean; local, across a distance of less than 200 km. Asterisk, one or more pairwise comparisons are across the Antarctic Polar Front. Dagger, differentiation may involve inter-species comparisons (cryptic species). Data from Fevolden & Ayala (1981) , Schneppenheim & MacDonald (1984 ), Fevolden (1986 , Kü hl & Schneppenheim (1986) , MacDonald et al. (1986) , Fevolden & Schneppenheim (1988 , Zane et al. (1998) , Gales et al. (1989) , Beaumont & Wei (1991) , Wada & Numachi (1991) , Palsbøll et al. (1995) , Allcock et al. (1997) , Slade et al. (1998) , Rogers et al. (1998) , Medlin et al. (2000) , Smith & McVeagh (2000) , Wynen et al. (2000) , , Roeder et al. (2001) , Appleyard et al. (2002) , , , Page & Linse (2002) , Sands et al. (2003) , Darling et al. (2004) , Gooday et al. (2004) , Held & Wägele (2005) , Pastene et al. (2005a,b) , Shaw et al. (2004) , Kuhn & Gaffney (2006) and Rogers et al. (2006) differences in effective population size between nuclear and mitochondrial genes (Crochet et al. 2003) . Additionally, if populations are reproductively isolated in refugia, a lower effective population size in mitochondrial genes will lead to increased rates of divergence among lineages than for nuclear genes. For several Antarctic taxa (e.g. Patagonian toothfish; Adelie penguins), populations exhibit near complete fixation for different mitochondrial haplotypes (Shaw et al. 2004; Rogers et al. 2006) or lineages with distinct haplotypes have different geographical distributions (Ritchie et al. 2004) , while genetic structure estimated using microsatellites is significant but weak (Shaw et al. 2004; Rogers et al. 2006) or non-existent (Roeder et al. 2001) . This is often cited as being a result of sex-biased dispersal with males showing a greater tendency to disperse than females. However, such large differences in mitochondrial and nuclear markers raise the possibility that selection has played a part in divergence of lineages originating in different refugia. (Crochet et al. 2003) . Selection hybrids may also occur through problems associated with co-adaptation of mitochondrial and nuclear genes within mitochondrial lineages (Edmands & Burton 1999; Willett & Burton 2001) , although these would be expected to disadvantage both male and female hybrids. Testing whether such mechanisms may be in operation will require the use of neutral genetic models to compare genetic differentiation between populations based on nuclear and mitochondrial genes taking into account differences in effective population size of the markers (e.g. Crochet et al. 2003) . Cases where mitochondrial differentiation was much higher than expected merit further investigation given the implications for understanding evolution and biodiversity of the Antarctic marine biota.
CONCLUSIONS
The Antarctic has been a cradle of evolution both within the Southern Hemisphere and globally. The break-up of Gondwana consisted of a series of events that drove vicariance-dominated evolution in many terrestrial and marine groups. However, the evolution of the Antarctic biota in both marine and terrestrial ecosystems has been strongly driven by climate.
Estimating which major climatic and geographical events led to the origination of new lineages in the Antarctic biota is subject to error in estimating times of divergence of Antarctic taxa and results based on molecular, biogeographic and fossil evidence may be controversial (e.g. timing of origin of AFGP and the radiation of the notothenioids, see above). However, summarizing the current data on times of divergence of various taxa shows that they tend to be clustered at significant climatic and geological events since the Cretaceous (table 4) . Timings of the extinctions of Antarctic taxa are less clear as these are not represented in phylogenies constructed from extant species, although the Eocene/Oligocene boundary was certainly significant. Many of these climatic events were associated with cooling, the growth of ice sheets and increased strength of the ACC (e.g. Beu et al. 1997; Zachos et al. 2001) . Extreme low temperature, the presence of ice during these periods, coupled with marked seasonality eliminated many elements of the terrestrial and marine biota found elsewhere on the planet. This occurred sequentially over the last 40 Myr in successive events, hence the lack of evidence for a single major extinction event and evidence that some taxa, no longer present in the Antarctic, occurred as recently as the Pliocene . Strong natural selection exerted by these environmental factors led to adaptation of the Antarctic biota to extreme but often, especially in the case of marine organisms, very narrow physical parameters. The elimination of taxa commonly found elsewhere on Earth stimulated the radiation of groups that have adapted to the Antarctic environment either owing to competitive release, removal of predation pressure or the existence of vacant niches. The onset of icehouse conditions and, over more recent times, millennial-scale cyclic glaciations has driven cycles of population fragmentation, reproductive isolation and allopatric speciation or intraspecific lineage divergence in Antarctic marine and terrestrial ecosystems (the taxonomic diversity pump; Clarke & Crame 1989 , 1997 see figure 2 ). In the terrestrial environment, species were eliminated or driven into refugia, as occurred elsewhere in the world (e.g. Hewitt 2003 Hewitt , 2004 . However, after the LGM, unlike many non-Antarctic regions, such as northern Europe, where subsequent population expansion from glacial refugia was geographically extensive and rapid, in the Antarctic this has been extremely limited. This is because the harsh Antarctic environment limits habitat availability, and species inherently have a low-dispersal capacity or are restricted to asexual reproduction preventing the production of dispersive spores or seeds. As with nonAntarctic terrestrial taxa, subject to range contraction and expansion as a result of Quaternary glaciations, in the Antarctic, lineages that have diverged during cold periods in refugia remain distinct in the present day. The difference is that the geographical range of distinct lineages and contact zones are over much smaller spatial scales (tens to hundreds of kilometres). It is perhaps more remarkable that genetic structure resulting from cyclic glaciations has remained so predominant in many marine species. Again, this probably results from a lack of habitat suitable for Table 4 . Significant periods in the evolution of the Antarctic biota from the Jurassic onwards (time periods were identified from dates to common ancestors of lineages from molecular phylogenetic data constrained in some cases by fossil data. Cladogenesis is defined as the time of origin of a lineage that later radiated into multiple taxa. Speciation is an event leading to the separation of two extant sister species. Data from Patarnello et al. (1996) , Beu et al. (1997) , Bargelloni et al. (2000) , Wynen et al. (2000) , Zachos et al. (2001) , Patarnello et al. (2003) , Clarke et al. (2004) , Darling et al. 2004 , Lö rz & Held (2004 , Near et al. (2004) , Ritchie et al. (2004) , Knapp et al. (2005) , Baker et al. (2006) , Scher & Martin (2006) and Kuhn & Gaffney 2006 stepping-stone dispersal across large areas of the ocean, coupled with hydrographic barriers to dispersal although selection may play a role. Biology of individual species in terms of behaviour, life history and patterns of mortality all contribute to the lack of genetically effective migration between geographical areas. Lineage splitting resulting from isolation of populations in glacial refugia in Antarctic terrestrial and marine ecosystems has resulted in different levels of divergence among lineages depending on the taxa involved (e.g. Wynen et al. 2000; . Genetic divergence between allopatric populations occurs as a result of changes in population size (bottlenecks), founder events, genetic drift and divergent environmental selection in different refugia (Hewitt 2004) . Many of these effects will be magnified in small populations and they may interact with aspects of the biology of individual species, especially life history, population dynamics and the ability to tolerate environmental change (e.g. . However, reconstruction of phylogenetic histories from molecular data remains an approximation as it is difficult to account for populations that become extinct. Therefore, elucidating the reasons for contrasting levels of divergence in lineages among taxa will remain extremely difficult.
A problem related to this is how to define species in Antarctic (and other) ecosystems given the range of divergence among refugial lineages. In many cases, molecular or DNA barcoding approaches can help to identify cryptic species and have been successfully applied to Antarctic marine and terrestrial taxa (Held & Wägele 2005; . Molecular barcoding approaches infer the application of phylogenetic or evolutionary species concepts of species definition. In some cases, emergent species can show limited genetic divergence, obscuring diagnosis using such methods (Hebert et al. 2004) . Genetic divergence between lineages and even speciation may also occur without reproductive isolation leading to problems in defining species under the biological species concept ( Wiens 2004) . Therefore, a broader species concept may be appropriate when considering such lineages (e.g. metapopulation lineage concept; De Queiroz 2005a,b) and may require consideration of data related to other aspects of biology of the taxa concerned ( Wiens 2004) .
The Antarctic Peninsula and Bellingshausen Sea are subject to the most rapid regional warming on the Earth (Hansen et al. 1999; Vaughan et al. 2001) . Marked ecological changes have already been seen in parts of the Antarctic Peninsula and in the subAntarctic with significant changes in species abundance and range having been observed (e.g. Quayle et al. 2002; reviewed in Chown & Convey 2007) . Predicting the outcomes of global climate change on Antarctic and sub-Antarctic species is complex. Marine species in particular may be constrained as a result of their evolutionary history in their ability to respond to temperature increase. Exposure to temperatures above 58C causes the most stenothermal species to die and various important biological functions fail below these temperatures (reviewed in Peck et al. 2005; Pö rtner et al. 2007) . Recent experiments have demonstrated that, at least in some cases, Antarctic marine species lack the capacity to upregulate heat shock proteins (HSP70), usually associated with responses to thermal stress in non-Antarctic organisms (Hofmann et al. 2000) . Environmental or ecogenomic approaches will provide new insights into how Antarctic species have evolved to adapt to their extreme environment. They will also allow a more detailed and thorough understanding of physiological effects of environmental stress arising from climate change in Antarctic species (Peck et al. 2005) .
For Antarctic, sub-Antarctic and temperate species unable to adapt to changes in physical conditions the geographical range of populations will change. Species will retreat south, although this may be hampered by large oceanic barriers to dispersal especially given the rapid onset of global warming. In addition, changes in habitat availability and life-history parameters that result from environmental warming will also affect the distribution of populations and genetic exchange between them. This is especially true of terrestrial species where organisms may alter the numbers of generations per unit time or even shift from predominantly asexual to sexual means of reproduction and alternative mechanisms of dispersal (spores versus vegetative fragments). The result will be significant changes in the relative abundance of the species within entire communities accompanied by changes in ecological processes (Chown & Convey 2007) . In addition, the amelioration of climate will make it more likely that invasive species arriving as a result of range expansion southwards or as introductions by humans will become established with significant consequences for the native biota (Barnes et al. 2006) .
